Abstract Detection and attribution of anthropogenic climate change signals in sea level rise (SLR) has experienced considerable attention during the last decades. Here we provide evidence that superimposed on any possible anthropogenic trend there is a significant amount of natural decadal and multidecadal variability. Using a set of 60 centennial tide gauge records and an ocean reanalysis, we find that sea levels exhibit long-term correlations on time scales up to several decades that are independent of any systematic rise. A large fraction of this long-term variability is related to the steric component of sea level, but we also find long-term correlations in current estimates of mass loss from glaciers and ice caps. These findings suggest that (i) recent attempts to detect a significant acceleration in regional SLR might underestimate the impact of natural variability and (ii) any future regional SLR threshold might be exceeded earlier/later than from anthropogenic change alone.
Introduction
The state of the global mean sea surface height is mainly determined by volumetric expansion and contraction driven by density variations and mass exchange with terrestrial freshwater storages. The recent state of scientific knowledge suggests that sea levels have changed in response to global mean temperature for millions of years, with epochs exceeding the present-day mean sea level (MSL) by 5 to 10 m [Church et al., 2013] . There is also high confidence from proxy and instrumental sea level records that the current global MSL rise has started to accelerate at the end of the nineteenth century relative to the low rates of rise during the last two millennia with likely highest rates during the past two decades [Church et al., 2013] . Due to the delayed response to the past [Levermann et al., 2013] and future [Slangen et al., 2014] temperature changes, it is expected that these high rates will at least continue or even increase. Any further rise in global or regional MSL exacerbates the risk of flooding for highly populated coastal areas and requires profound adaption strategies [Hallegatte et al., 2013; Boettle et al., 2013] . This has motivated a number of scientists to search for already present significant accelerations which could be attributed to anthropogenic climate change [e.g., Jevrejeva et al., 2006; Woodworth et al., 2009; Houston and Dean, 2011; Sallenger et al., 2012; Calafat and Chambers, 2013] . A major challenge consists in distinguishing between natural variations and a comparably small externally forced anthropogenic signal [Haigh et al., 2014] , especially when analyzing historical records from geological surveys [Rohling et al., 2013] .
A key question when searching for accelerations is whether the detected signal is statistically significantly different to what has been observed before the Anthropocene when the man-made contribution to climate change was absent [e.g., Gehrels and Woodworth, 2013] . This has been mostly tackled under the assumption that the residuals (the noise) around the signal (the trend or acceleration) are identically distributed and are either independent or exhibit short-term correlations which can be approximated by a first-order autoregressive (AR1) process. However, from other climatic observations, such as temperature [Koscielny-Bunde et al., 1998 ] or run-off records [Kantelhardt et al., 2006] , it is known that although noise may be normally distributed, there is also evidence for persistence on longer time scales up to at least 200 years (this has been demonstrated in observations, millennial proxies, and simulations [Rybski et al., 2008; Franzke, 2012a] ). Although the mechanisms behind the phenomenon remain unclear (some authors attribute the memory to the heat storage capacity of the ocean [e.g., Monetti et al., 2003] ), its presence highlights that testing for significance in such long-term-correlated records requires a more sophisticated statistical handling [Franzke, 2012b] . Since persistence naturally leads to longer periods of high or low stands [Lennartz and Bunde, 2009] • Readme • Text S1
• Figure S1 • Figure S2 • Figure S3 • Figure S4 • Figure S5 • Figure S6 Correspondence to: S. Dangendorf, soenke.dangendorf@uni-siegen.de tendency might-under the assumption of white or AR1 noise-be erroneously attributed to anthropogenic forcing. Additionally, such persistence can reinforce the deterministic sea level rise over extended periods with severe impacts for coastal regions. Hence, an improved understanding of such time series structures and their underlying physics is indispensable for both: detection and attribution of anthropogenic signals [e.g., Calafat and Chambers, 2013] as well as estimating uncertainties of future sea level projections.
Here we apply the well-established Detrended Fluctuation Analysis (DFA) [Peng et al., 1994; Bunde et al., 2000] to investigate the correlation structure of sea level records. We consider three different sources of information: long and homogeneous tide gauge (TG) records [Holgate et al., 2013] , monthly fields of an ocean reanalysis covering the period from 1871 to 2008 [Carton and Giese, 2008] , and recent estimates for mass loss from glaciers and ice sheets [Box, 2013; Marzeion et al., 2012] . We search in each time series for the existence of long-term persistence (LTP). Since sea levels are an integrative measure driven by various physical processes, we will also examine whether the steric component (i.e., density (temperature and salinity)-driven variations), which is known to be closely linked to decadal fluctuations of sea level rise (SLR) [Stammer et al., 2013] , drives the temporal and spatial correlation structure of regional sea levels. Finally, we will explore the differences between MSL and the steric component and compare them with mass contributions from glaciers and the Greenland ice sheets.
Data and Methods
We analyze monthly averaged TG data from the archive of the Permanent Service of Mean Sea Level (PSMSL) [Holgate et al., 2013] . Since we are interested in identifying LTP, we use only long (>90 years over the period from 1871 to 2008) and continuous (less than 25% missing values) records from the revised local reference subset. To avoid considerable spatial heterogeneity, some records from more densely sampled regions such as the North and Baltic Sea were excluded. Data gaps smaller than 3 months were filled by applying cubic spline interpolation. All records were corrected for the inverted barometer effect, i.e., the hydrostatic response of the ocean to pressure fluctuations was accounted for (note that the impact of this correction on the scaling behavior is negligible as demonstrated in Figure S2 and Text S1 in the supporting information). To consider vertical land motion, each record was also corrected for the effect of glacial isostatic adjustment by using the numbers provided by Peltier [2004] (note that the correction does not affect the results of the DFA2, since DFA2 removes linear trends from the data). Our final TG data set consists of 60 records, which are shown and listed in the supporting information ( Figure S1 and Table S1 ).
The steric component was obtained from the last version (2.2.4) of the Simple Ocean Data Assimilation (SODA) [Carton and Giese, 2008] . SODA is an ocean model with a horizontal resolution of 0.25°× 0.4°and 40 vertical levels covering the entire global ocean. It is forced with ensemble mean atmospheric fields from the Twentieth Century Reanalysis Project [Compo et al., 2011] and assimilates water temperature and salinity observations. Since the model is based on the Boussinesq approximation, it conserves volume but not mass.
To account for missing steric effects, a spatially uniform global mean of the steric height calculated from density fields referenced down to the ocean bottom (in the model) was added at each time step [Greatbach, 1994] . Nevertheless, mass changes resulting from freshwater exchange between the land and the ocean are still missing. To account for different components of steric sea level, we divide the SODA sea level into five different measures: dynamic height (sea surface height), steric height (locally vertically integrated), thermosteric height (locally vertically integrated), halosteric height (locally vertically integrated), and ocean bottom pressure (dynamic height minus steric, hereafter OBP).
Comprehensive records of mass loss from glaciers and ice sheets covering the period of interest for the present study are not available. Therefore, we analyze centennial reconstructions established via the correlations between ice melting and climatic measurements. For instance, for the Greenland ice sheet, Box [2013] reconstructed the surface mass balance (SMB) from surface air temperature and precipitation observations over the period from 1840 to 2012. Marzeion et al. [2012] provided an annual record of the global sea level contribution from glaciers over the twentieth century. The glacier contribution was also calculated from temperature and precipitation observations and covers a period from 1902 to 2009. Both records are integrated into the analysis as independent measures of LTP in the mass component of sea level.
As motivated in section 1, we are interested in the temporal correlation characteristics of sea level on time scales up to several decades. In contrast to the exponential decay of a classical AR1 process, LTP causes a
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power law decay of the autocorrelation function C(s). The evaluation of C(s) itself is difficult, as it is very noisy for large time lags s. Moreover, trends in the analyzed records hinder a reliable characterization. A more sophisticated way for analyzing LTP of geophysical time series is DFA [e.g., Kantelhardt et al., 2001] . First, a random walk time series Y(i) (i.e., the cumulative sum of the original record) is calculated. Second, the time series is divided into N s = N/s nonoverlapping segments, each containing s points. For each segment a polynomial trend of the order n (here 2, therefore DFA2) is estimated and removed. Third, the variance Y s is calculated for each segment, the average is taken over all segments, and the root-mean-square is computed to obtain the fluctuation function F(s): (Here we use segments defined starting from the beginning and the end of the time series. Thus, we get 2Ns segments for each s [see also Kantelhardt et al., 2001 ].)
The LTP can then be estimated as the asymptotic slope α of F(s) in the double logarithmic representation. A time series is uncorrelated or has only short-term memory when α = 0.5, long-term correlated when α > 0.5, and long-term correlated and nonstationary (fractional Brownian motion) when α > 1.0 [Peng et al., 1994] . DFA is similar to Hurst R/S Analysis [Hurst, 1951] , but DFA2 removes linear trends in the original records (quadratic trends need to be very strong to affect the fluctuation function [Kantelhardt et al., 2001] ).
The accuracy of F(s) decreases with the ratio N/s, and therefore, s should generally be smaller than N/4 [Rybski et al., 2008] . Here we focus on the period from 1871 to 2008. Data gaps are handled by merging the fragments, which turns out to have negligible effects on the estimation of α [Chen et al., 2002] . We are therefore able to estimate LTP on time scales up to~35 years (13 ≤ s ≤ 414 months). To avoid biases resulting from oscillatory behavior [Kantelhardt et al., 2001] in the time series, the mean seasonal cycle is removed prior to any further analyses (see also supporting information section S1). In some records from the Pacific quasi-oscillatory signals in frequency bands between 3 and 7 years are evident; these are also removed (see Text S1, Figures S3 and S4 , and section S2 of the supporting information). Uncertainties (95% confidence) of α are estimated in a nonparametric frame of computing 1000 surrogate time series using the standard Fourier- 
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results for the methodological fitting uncertainties of α values between 0.5 and 1 can be found in the supporting information ( Figure S5 ).
Results
To test whether sea level exhibits LTP, we first apply DFA2 to the monthly TG records. Figure 1a shows, as an example, eight arbitrarily selected time series from TGs distributed around the globe. Despite some differences in subseasonal noise characteristics (e.g., large variability in North and Baltic Sea records due to the influence of strong winds over the continental shelf [Dangendorf et al., 2013] This is confirmed by the results from all 60 records (Figure 2 ). The differences between semienclosed basins and the open ocean are particularly striking for the North and Baltic Sea areas. Due to the shallow water depths and the huge atmospheric variability in shelf regions, water levels are highly affected by local disturbances in the atmosphere. This forcing is mostly barotropic in nature and results in up to 3 times larger variability than elsewhere in the ocean. It explains up to 90% of the intraannual variability [e.g., and can therefore be understood as a white noise process superimposed onto the slow processes acting in the deeper ocean. As recently analytically explored by Ludescher et al. [2011] , adding white noise to a long-term-correlated time series might result in an reduction of α.
The results from the 60 TG records are compared to the dynamic height derived from the SODA reanalysis for the grid point with the highest correlation within 2°× 2°around the TG site (seasonal cycle removed analogously). been demonstrated by Chepurin et al. [2014] and Calafat et al. [2014] and was independently validated for the present study for frequency bands from 13 to 414 months ( Figure S5 in the supporting information) . The α values for the dynamic height from SODA grid points representative of the TG sites are also shown in Figure 2 and agree reasonably well with those derived from the TG records (r = 0.72; inset of Figure 2) . The main features, such as the differences between different basins, are mostly captured by the model. This indicates that a considerable part of the LTP found in the TG records is likely related to density-driven variations. Especially on regional scales, this could be expected, since much of the temporal variability is driven by thermal adjustment processes in response to changing winds [Calafat and Chambers, 2013] or buoyancy forcing [Piecuch and Ponte, 2012] . At some stations, however, large differences between the exponents exist and will be explored below.
The spatial distribution of LTP in the dynamic height as derived from all SODA model grid points is depicted in Figure 3e shows the pattern correlation for different ocean basins calculated between the dynamic height and the contributions coming from the steric height (yellow), the thermosteric height (red), the halosteric height (blue), and ocean bottom pressure (grey). exceeding α = 1 are found over large parts of the Arctic Ocean, pointing to the existence of a nonstationary behavior in these regions. Fluctuation exponents larger than 1 are also identified in parts of the North and South Pacific. In regions of strong currents (e.g., Gulf Stream and Kurisho Current), α values are smaller, which is opposite to the finding for surface temperature from a global climate model in Rybski et al. [2008] . This may be explained by the larger uncertainties in the SODA model in these regions .
Geophysical Research Letters
To explore which mechanisms control the regional LTP imprints of the dynamic height, we also calculated α values for each contributing factor (Figures 3b-3e ) and compared the maps derived for different ocean basins via centered pattern correlation (Figure 3g ), which refers to the correlation of deviation patterns, where the spatial mean has been subtracted [Barkhordarian et al., 2012] . The results point to a dominant influence of density (thermosteric and halosteric)-driven sea level changes in the deep ocean, while OBP variations are the main driver of the spatial LTP characteristic in shallow continental shelf regions (North Sea and Baltic Sea). The latter suggests that the LTP characteristics over the continental shelfs are mainly a footprint of wind-driven redistribution. Focusing on the steric component, it is obvious that thermosteric sea level dominates the picture over large parts of the open ocean (e.g., Atlantic, Pacific, and Indian Ocean), while the halosteric component determines the LTP structure in the Arctic Ocean. A balanced relationship is found in the Antarctic region. These basin-internal features are closely linked to the ratio between thermosteric and halosteric sea level variability (Figure 3f ). In regions, where the variability of the thermosteric contribution is larger, it also dominates the spatial patterns of α; the same is true for the halosteric component.
Although the steric component accounts for a major fraction of the LTP in regional sea level, some differences remain unexplained. This poses the question where the missing part is coming from. To explore this in more detail, we subtract the steric signals from all TG records and search for LTP in the residuals (Figure 2 ). The latter contain contributions such as the mass contribution from glaciers and ice caps as well as model or measurement errors. At all sites the residuals still exhibit a clear scaling behavior, suggesting that the LTP in sea level is also driven by mass changes coming from the cryosphere (although the spatial dependence is more related to the steric component, see inset of Figure 2 ). To underpin this hypothesis, we additionally analyze two century-scale reconstructions of SMB of the Greenland ice sheet [Box, 2013] and the world's glacier contribution to sea level rise [Marzeion et al., 2012] in a similar way as it was done for TG records and steric sea level (Figure 4 ). For both records we find persistence, with α values of 0.75 and 0.86 for Greenland's SMB and the glacier contribution, respectively. Since melting rates of the large ice sheets and glaciers are strongly governed by the regional climate (e.g., surface melting in response to temperature fluctuations, precipitation, or atmospheric circulation) and the ocean (ice calving), which are in turn both characterized by a clear scaling behavior [e.g., Bunde et al., 2014; Franzke, 2012a] , a LTP fingerprint in the mass component of sea level is likely. This confirms that LTP (on various time scales) in sea level is driven by different factors. [Box, 2012] and the annual sea level contribution estimated for the world's glaciers (red) [Marzeion et al., 2012] . (b) The corresponding fluctuation functions. The grey-shaded area shows the frequency bands for which the α value has been estimated (13 ≤ s ≤ 414 months). The black dashed line in Figure 4b marks the exponent α = 0.5, i.e., uncorrelated noise.
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Discussion
In the present study we have reassessed the role of internal climate variability on regional sea level rise. By applying DFA2 we have demonstrated that contrary to the widespread assumption that sea levels are governed by short-term correlations [e.g., Church and White, 2011] , they also exhibit a nonnegligible fraction of long-term internal climate variability, which is partly related to the inertia of the global ocean. While this perspective has got less attention in the sea level community so far, it is well established in other fields of climate science. For instance, it is well known that global and regional temperature time series show LTP on time scales up to 200 years [Rybski et al., 2008] (this is true for proxies as well as millennial forced and control simulations of climate models). It has also been demonstrated that temperature records over the ocean exhibit stronger LTP than continental stations [Eichner et al., 2003 ], a feature that has been linked with the large heat storage capacity of the ocean. As our results point to larger LTP in sea level than found in continental temperature records, the presented findings confirm the common assumption that much of the multidecadal Earth's climate and variability is shaped by the ocean [Trenberth, 2010] .
The finding that sea levels exhibit scaling behavior induced by various forcing factors shows that estimating linear or nonlinear trends requires more complex null models [e.g., Franzke, 2012b] than previously suggested. Obviously, the persistence of sea level on long time scales will increase the standard error calculated as a measure of significance from residuals around an estimated signal [Rybski and Bunde, 2009; Lennartz and Bunde, 2009; Bos et al., 2014] . Although it is unlikely that the use of more sophisticated null models will affect the conclusion that sea levels are rising significantly since the late nineteenth century [Gehrels and Woodworth, 2013] , it will affect the conclusions regionally drawn from shorter records spanning only over a few decades.
The presence of LTP in sea level records also has far reaching consequences for the crucial question of whether the rate of SLR is currently significantly accelerating or not. The detection of suchlike behavior [Haigh et al., 2014] and its attribution to external forcing is vital due to the potentially large impacts on coastal zones. To this end it is important to notice that the steric component of SLR in climate simulations up to 2100 only shows a clear acceleration for the high-emission scenarios, whereas the rate remains close to linear for moderate-and low-emission scenarios [Church et al., 2013 ]. An acceleration is expected for the contribution coming from ice melting of land-locked ice. This, however, is not incorporated into the latest generation of models and calculated "offline." Even combining both contributions does only suggest a significant acceleration after the 2020s [Haigh et al., 2014] . The detection of acceleration during the twentieth or the early 21st century would therefore indicate that future SLR may attain much higher values than those simulated by climate models (at least globally). So far, the presence of acceleration has been attributed to the external anthropogenic forcing. Our results suggest that due to the naturally pronounced mountain valley structure on all scales, a stochastic acceleration in sea level could be wrongly interpreted as deterministic, leading to biased extrapolation of the present SLR into the future.
